We study the double charm decays of B c meson, by employing the perturbative QCD approach based on k T factorization. In this approach, we include the non-factorizable emission diagrams and W annihilation diagrams, which are neglected in the previous naive factorization approach.
I. INTRODUCTION
Since the B c meson is the lowest bound state of two different heavy quarks with open flavor, it is stable against strong and electromagnetic annihilation processes. The B c meson therefore decays weakly. Furthermore, the B c meson has a sufficiently large mass, thus each of the two heavy quarks can decay individually. It has rich decay channels, and provides a very good place to study nonleptonic weak decays of heavy mesons, to test the standard model and to search for any new physics signals [1] . The current running LHC collider will produce much more B c mesons than ever before to make this study a bright future.
Within the standard model (SM), for the double charm decays of B u,d,s mesons, there are penguin operator contributions as well as tree operator contributions. Thus the direct CP asymmetry may be present. However, the double charm decays of B c meson are pure tree decay modes, which are particularly well suited to extract the CabibboKobayashi-Maskawa (CKM) angles due to the absented interference from penguin contributions. As was pointed out in ref.
[2] and further elaborated in ref. [3] [4] [5] [6] , the decays Although many investigations on the decays of B c to double-charm states have been carried out [4, 5, [7] [8] [9] [10] [11] [12] in the literature, there are uncontrolled large theoretical errors with quite different numerical results. In fact, all of these old calculations are based on naive factorization hypothesis, with various form factor inputs. Most of them even did not give any theoretical error estimates because of the non-reliability of these models. Recently, the theory of non-leptonic B decays has been improved quite significantly. Factorization has been proved in many of these decays, thus allow us to give reliable calculations of the hadronic B decays. It is also shown that the non-factorizable contributions and annihilation type contributions, which are neglected in the naive factorization approach, are very important in these decays [13] .
The perturbative QCD approach (pQCD) [14] is one of the recently developed theoretical tools based on QCD to deal with the non-leptonic B decays. Utilizing the k T factorization instead of collinear factorization, this approach is free of end-point singular-ity. Thus the Feynman diagrams including factorizable, non-factorizable and annihilation type, are all calculable. Phenomenologically, the pQCD approach successfully predict the charmless two-body B decays [15, 16] . proved factorization in the soft-collinear effective theory [17] . Phenomenologically the pQCD approach is also demonstrated to be applicable in the leading order of the m D /m B expansion [18, 19] [20, 21] , with best agreement with experiments. In this paper, we will extend our study to these B c decays in the pQCD approach, in order to give predictions on branching ratios and polarization fractions for the experiments to test. Since this study is based on QCD and perturbative expansion, the theoretical error will be controllable than any of the model calculations.
Our paper is organized as follows: We review the pQCD factorization approach and then perform the perturbative calculations for these considered decay channels in Sec.II.
The numerical results and discussions on the observables are given in Sec.III. The final section is devoted to our conclusions. Some details of related functions and the decay amplitudes are given in the Appendix.
II. FRAMEWORK
For the double charm decays of B c , only the tree operators of the standard effective weak Hamiltonian contribute. We can divide them into two groups: CKM favored decays with both emission and annihilation contributions and pure emission type decays, which are CKM suppressed. For the former modes, the Hamiltonian is given by:
while the effective Hamiltonian of the latter modes reads
where V (q = d, s) are the corresponding CKM matrix elements. α, β are the color indices. C 1,2 are Wilson coefficients at renormalization scale µ. O 1,2 and O ′ 1,2 are the effective four-quark operators.
The factorization theorem allows us to factorize the decay amplitude into the convolution of the hard subamplitude, the Wilson coefficient and the meson wave functions, all of which are well-defined and gauge invariant. It is expressed as
where C(t) are the corresponding Wilson coefficients of effective operators defined in eq.(1,2). Since the transverse momentum of quark is kept in the pQCD approach, the large double logarithm ln 2 (P b) (with P denoting the longitudinal momentum, and b the conjugate variable of the transverse momentum) to spoil the perturbative expansion. A resummation is thus needed to give a Sudakov factor exp[−s(P, b)] [22] . The term after Sudakov is from renormalization group running with γ q = −α s /π the quark anomalous dimension in axial gauge and t the factorization scale. All non-perturbative components are organized in the form of hadron wave functions Φ(x) (with x the longitudinal momentum fraction of valence quark inside the meson), which can be extracted from experimental data or other non-perturbative methods. Since the universal non-perturbative dynamics has been factored out, one can evaluate all possible Feynman diagrams for the hard subamplitude H(x, t) straightforwardly, which include both traditional factorizable and so-called "non-factorizable" contributions. Factorizable and non-factorizable annihilation type diagrams are also calculable without end-point singularity.
A. Channels with both emission and annihilation contributions
At leading order, there are eight kinds of Feynman diagrams contributing to this type of CKM favored decays according to eq.(1). Here, we take the decay B c → D +D0 as
an example, whose Feynman diagrams are shown in Fig.1 . The first line are the emission type diagrams, with the first two contributing to the usual form factor; the last two so-called "non-factorizable" diagrams. In fact, the first two diagrams are the only contributions calculated in the naive factorization approach. The second line are the annihilation type diagrams, with the first two factorizable; the last two non-factorizable.
The decay amplitude of factorizable diagrams (a) and (b) in Fig.1 is
where from the threshold resummation, whose definitions can be found in [24] .
The formula for non-factorizable emission diagrams Fig. 1 (c) and (d) contain the kinematics variables of all the three mesons. Its expression is:
Generally, for charmless decays of B meson, the non-factorizable contributions of the emission diagrams are small due to the cancelation between 
For the non-factorizable annihilation diagrams Fig. 1 (g) and (h), the decay amplitude is
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where r c = m c /M B , with m c the mass of c quark in B c meson. Finally, the total decay amplitude for B c → D +D0 can be given by
with the combinations of Wilson coefficients a 1 = C 2 + C 1 /3 and a 2 = C 1 + C 2 /3, charac- 
Comparing our eq. (8,9) with the formulas of previous naive factorization approach [4, 5, [7] [8] [9] [10] , it is easy to see that only the first term appearing in eq. (8, 9) are calculated in the previous naive factorization approach. The second, third and fourth terms in these equations, are the corresponding non-factorizable emission type contribution, factorizable and non-factorizable annihilation type contributions, respectively, which are all new calculations.
In B c → D * + (s)D * 0 decays, the two vector mesons in the final states have the same helicity due to angular momentum conservation, therefore only three different polarization states, one longitudinal and two transverse for both vector mesons, are possible. The decay amplitude can be decomposed as
where ǫ 
By exchanging the two final states charmed mesons in Fig. 2 , one can obtain the corresponding decay amplitudes formulae F e3 and M e3 for Fig. 3 . The total decay amplitude
If the final recoiling meson is the vector D * meson, the decay amplitudes of factorization emission diagrams and non-factorization emission diagrams are given as
The total decay amplitudes for other pure emission type decays are then
The B c → D * + 
III. NUMERICAL RESULTS
In this section, we summarize the numerical results and analysis in the double charm decays of the B c meson. Some input parameters needed in the pQCD calculation are listed in Table I .
A. The Form Factors
The diagrams (a) and (b) in Fig.1 or Fig.3 give the contribution for B c → D
(s) transition form factor at q 2 = 0 point. Our predictions of the form factors are collected in Table II . Our results are generally close to the covariant light-front quark model results of [27] and the constituent quark model results of [5] . However, other results collected in Table II, 
B. Branching Ratios
With the decays amplitudes A obtained in Sec.II, the branching ratio BR reads as
As stated in Sec II, the contributions from the penguin operators are absent, since the penguins add an even number of charmed quarks, while there is already one from the initial state. There should be no CP violation in these processes. We tabulate the branching ratios of the considered decays in Table III and IV. The processes (1)-(4) in Table III have a comparatively large branching ratios (10 −5 ) with the CKM factor V * cb V ud ∼ λ 2 . While the branching ratios of other processes are relatively small due to the CKM factor suppression.
Especially for the processes (1)-(4) in Table IV , these channels are suppressed by CKM element V ub /V cb and V cd /V ud . Thus their branching ratios are three order magnitudes smaller.
For comparison, we also cite other theoretical results [4, 5, 7, 8, 10] for the double charm decays of B c meson in Tables III and IV results with any of them is straightforward. Larger branching ratios come always with the larger form factors. As stated in the previous subsection, our results of form factors are comparable with the relativistic constituent quark model (RCQM) [5, 7] , thus our branching ratios in Table III s meson [20] ; (2) the decay constants in the wave functions of charmed mesons, which are given in Table I . The second error is from the uncertainty in the CKM matrix elements, which are also given in Table I . The third error arises from the hard scale t varying from 0.75t to 1.25t, which characterizing the size of next-to-leading order QCD contributions. The not large errors of this type indicate that our perturbative expansion indeed hold. It is easy to see that the most important uncertainty in our approach comes from the hadronic parameters. The total theoretical error is in general around 10% to 30% in size.
The eight CKM favored channels (proportional to |V cb |) in Table III receive contributions from both emission diagrams and annihilation diagrams. From Fig.1 , one can find that the contributions from the factorizable emission diagrams are color-suppressed. The naive factorization approach can not give reliable predictions due to large non-factorizable contributions [30] . As was pointed out in Sec.II, the non-factorizable emission diagrams give large contributions in pQCD approach because the asymmetry of the two quarks in charmed mesons. Thus, the branching ratios of these decays are dominated by the non-factorizable emission diagrams.
The eight CKM suppressed channels (proportional to |V ub |) in Table IV can occur only via emission type diagrams. There are two types of emission diagrams in these decays, one is color-suppressed, one is color favored. It is expected that the color-favored factorizable amplitude F e3 dominates in eq. (15) . However, the non-factorizable contribution M e2 , proportional to the large C 2 , is enhanced by the Wilson coefficient. Numerically it is indeed comparable to the color-favored factorizable amplitude. This large non-factorizable contribution has already been shown in the similar B → Dπ decays theoretically and experimentally [25] . In all of these channels the non-factorizable contributions play a very important role, therefore the branching ratios predicted in table III and IV not simply proportional to the corresponding form factors any more, but with a very complicated manner, since we have also additional annihilation type contributions.
From Table III other. In our numerical results, the ratio of the two decay widths is estimated as 
∼ 10 −3 , which confirm the latter decay modes are not useful to determine the angle γ experimentally.
For the B c decays to two vector mesons, the decays amplitudes A are defined in the helicity basis
where the helicity amplitudes A i have the following relationships with A
We also calculate the transverse polarization fractions
with the definition given by
This should be the first time theoretical predictions in the literature, which are absent in all the naive factorization calculations. According to the power counting rules in the factorization assumption, the longitudinal polarization should be dominant due to the quark helicity analysis. Our predictions for the transverse polarization fractions of the decays B c → D * + (s) D * 0 , which are given in Table V , are indeed small, since the two transverse amplitudes are down by a power of r 2 or r 3 comparing with the longitudinal amplitudes. However, for B c → D * + (s)D * 0 decays, the most important contributions for these two decay channels are from the non-factorizable tree diagrams in Fig. 1(c) and 1(d) .
With an additional gluon, the transverse polarization in the non-factorizable diagrams does not encounter helicity flip suppression. The transverse polarization is at the same order as longitudinal polarization. Therefore, we can expect the transverse polarizations take a larger ratio in the branching ratios, which can reach ∼ 60%. The fact that the non-factorizable contribution can give large transverse polarization contribution is also observed in the B 0 → ρ 0 ρ 0 , ωω decays [31] and in the B c → D * + s ω decay [32] .
IV. CONCLUSION
All the previous calculations in the literature for the B c meson decays to two charmed mesons are based on the very simple naive factorization approach. The branching ratios predicted in this kind of model calculation depend heavily on the input form factors.
Since all of these modes contain dominant or large contributions from color-suppressed diagrams, the predicted branching ratios are also not stable due to the large unknown non-factorizable contributions. In this paper, we have performed a systematic analysis of the double charm decays of the B c meson in the pQCD approach based on k T factorization theorem, which is free of end-point singularities. All topologies of decay amplitudes are calculable in the same framework, including the non-factorizable one and annihilation type. It is found that the non-factorizable emission diagrams give a remarkable contri- 
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where J 0 is the Bessel function and K 0 , I 0 are modified Bessel function with K 0 (ix) =
